This paper examines the effects of shocks to foreign official holdings of long-term U.S. Treasuries (FOHL) on macroeconomic aggregates using a dynamic general equilibrium model. The model treats short-and long-term bonds as imperfect substitutes through endogenous portfolio adjustment frictions. This provides a channel for changes in relative supply of assests to influence asset prices. Three key findings emerge: (1) positive shocks to FOHL impact the long-term interest rate and the term spread negatively through a stock effect channeldefined as persistent changes in interest rates as a result of movement along the Treasury demand curve. This result is consistent with findings in the empirical literature.
, between July 2004 and July 2006, the 1-year interest rate increased from 1.24 percent to 5.22 percent (approximately 320 percent increase) following the Federal reserve tightening of policy rates, however, the 10-year interest rate only increased from 3.89 percent to 5.09 percent (approximately 34 percent increase). 3 The term spread which is given by the gray line fell during this period and in some cases attained negative values. 4 More importantly, other key factors at the time that included rising energy prices and robust real economic activity that tend to impact long-term interest rates positively in the past made the slow response of long-term interest rates to the increase in short-term interest rates more unusual (Rudebusch, Swanson, and Wu 2006) . This situation presented a deviation from the conventional wisdom that long-term interest rates will normally move in the same direction as short-term interest rates after controlling for expectations and other risk factors. 5 The sluggish increase in long-term interest rates while short-term rates increased sharply was referred to as the "Greenspan Conundrum." Large asset purchases by foreign official institutions have been shown to have significantly contributed to the Conundrum (e.g. Beltran et al. 2013; Bernanke 2005; Bertaut et al. 2012; Warnock and Warnock 2009 ). 6 Specifically, these studies find that large asset purchases by foreign official institutions had a large and negative effect on the long-term interest rate during this period.
Additionally, in Figure 2 , monthly long-term bond holdings of U.S. Treasuries held by foreign official institutions is compared to the Federal Reserve's holding over the period January 1990 to June 2011. It is clear that FOHL has consistently been higher than the Federal Reserve holdings. The striking observation from the figure is that, even at the time of the quantitative easing (specifically, QE2-from November 2010 to June 2011), FOHL was approximately two times the Fed holdings of long-term bonds. It is important to note that the quantitative easing and FOHL are both forms of large asset purchases of long-and medium-term bonds. However, while the quantitative easing was specifically used as an unconventional policy tool to lower long-term interest rates at the Zero Lower Bound with a goal of stimulating the economy, not much is known about how FOHL affects the macroeconomy. 7 Moreover, large asset purchases by foreign official institutions take place in the absence of monetary policy constraint such as the Zero Lower Bound. Hence, they can have unintended implicationse.g. the Conundrum -given that monetary policy can be active during such large asset purchases.
The literature on foreign official holdings of U.S. Treasuries predominantly focuses on quantifying the effect of different measures of FOHL on the long-term interest rate (e.g. Beltran et al. 2013; Bernanke, Reinhart, and Sack 2004; Bertaut et al. 2012; Kaminska and Zinna 2014; Kohn 2015; Sierra 2014; Warnock and Warnock 2009 ). 8 This paper uses a dynamic stochastic general equilibrium (DSGE) model that treats short-and long-term bonds as imperfect substitutes to study the macroeconomic implications of FOHL shocks on the U.S. economy.
A well-known shortcoming of standard DSGE models employed for monetary policy analysis is the assumption that all nonmonetary assets and government debts are perfect substitutes. This implies that relative supply of assets do not play any role in the pricing of assets and the long-term interest rate does not explicitly influence aggregate demand. Specifically, there is only one interest rate, the short-term rate, and its expected path implicitly determines the long-term rate leaving no room for a separate role for the long-term interest rate in aggregate demand determination.
However, building on Tobin's (1969 Tobin's ( , 1982 contribution on imperfect asset substitution and portfolio approach, recent studies notably Andrés, Lopéz-Salido, and Nelson (2004) and Marzo, Söderström, and Zagaglia (2008) , and more recently, Chen, Cúrdia, and Ferrero (2012) , Falagiarda (2014) , Harrison (2011) , and Jones and Kulish (2013) address these shortcomings in standard DSGE models by developing optimization models capable of studying the real effects of large asset purchases. These studies allow imperfect substitution between assets of different maturities by introducing portfolio frictions into their models. 9 With imperfect substitution in these models, households are inclined to rebalance their asset portfolio whenever the relative supply of assets with different maturities change. In this regard, persistent movements along the demand curve for assets will influence changes in the price (yields) of these assets. Moreover, a direct implication of the presence of imperfect asset substitution in these models is that, in addition to the short-term interest rate, the long-term interest rate has a separate and a more direct impact on aggregate demand.
In order to study the macroeconomic implications of shocks to FOHL, I make three key modifications to the standard DSGE model: First, I include non-zero exogenous foreign official holdings of long-term bonds. 10 Second, I add a long-term bond market into the model. In modelling long-term bonds, my model departs from Chen, Cúrdia, and Ferrero (2012) and Harrison (2011) who explicitly model the full maturity of long-term bonds, and instead allow for a secondary market for bond trading as in Falagiarda (2014) . Secondary market for bond trading in the model does not only permit a straightforward modelling of zero-coupon government bonds of different maturities, but it also reflects the active secondary market of bonds in the U.S.
Thirdly, I allow for imperfect substitution between short-and long-term government bonds by introducing portfolio adjustment costs into the model. In particular, I model imperfect asset substitution in the manner of Falagiarda (2014) and Marzo, Söderström, and Zagaglia (2008) by introducing endogenous portfolio adjustment costs priced with real output in the representative household budget constraint. The introduction of portfolio adjustment cost means changes in the relative supply of bonds explicitly affect the pricing of assets in the model through a stock effect channel -defined as persistent changes in interest rate as a result of movement along the Treasury demand curve. More importantly, the long-term interest rate has a more distinctive role in influencing aggregate demand in the model. In this sense, I am able to explore the effect of FOHL shocks on aggregate demand through their impact on the long-term interest rate.
From an economic perspective, the introduction of the portfolio adjustment cost in the model can be rationalized as proxies for households behavior toward risk. That is, since long-term bonds are illiquid relative to shorter-term bonds, households perceive entering the long-term bond market as riskier. Hence, as households purchase longer-term bonds, they hold additional short-term bonds to compensate themselves for the loss of liquidity. In this sense, households self impose a sort of reserve requirement on their longer-term investments (Andrés, Lopéz-Salido, and Nelson 2004) . Moreover, as argued by Falagiarda (2014) , these costs can be thought of as proxies for the shares of output devoted to covering management costs of bond portfolios or informational costs.
An important difference between the model in this paper and that of Chen, Cúrdia, and Ferrero (2012), Falagiarda (2014) , and Jones and Kulish (2013) is that, while their models focus on examining the efficacy of large asset purchases by domestic central banks at the zero lower bound of interest rates, this paper investigates the effect of shocks to FOHL when monetary policy is active (i.e. not at its zero lower bound). Furthermore, unlike Jones and Kulish (2013) , I do not model a reaction function for long-term interest rate as a monetary policy tool.
The model is approximated to the first order and solved numerically using Dynare. The impulse response functions from shocks to FOHL in the model are then studied. The findings from the model show that FOHL shocks have expansionary effects on the economy. More precisely, in the baseline results, positive shocks to FOHL in the form of large purchases of long-term U.S. Treasuries affect the long-term interest rate negatively through the stock effect channel. This negative impact on the long-term interest rate generates a stimulative feedback effect from the model's endogenous term structure into the economy, which in turn leads to an increase in consumption, output and inflation. Moreover, since the monetary authority responds to inflation hawkishly with some degree of policy inertia, the short-term interest rate increases. The simultaneous fall in long-term interest rates and increase in short-term interest rate causes the term spread to fall. This last result sheds light on the mechanisms behind situations of opposite movements of short-and long-term interest rates (e.g. the interest rate Conundrum between [2004] [2005] [2006] .
Other key findings are:
1. The effect of FOHL shocks on the long-term interest rate can range from a small to a sizeable negative impact (i.e. -2 to -15 basis points (bps)). Particularly, when the persistence of FOHL is high, shocks to FOHL have a small negative effect on the long-term interest rate. In contrast, when the persistence of FOHL is low, FOHL shocks have a decently large and negative impact on the long-term interest rate. Additionally, the model predicts a strong negative effect of the shocks on the term spread and the term premium. The negative effect of FOHL shocks on the long-term interest rate and the term premium is consistent with findings in the empirical literature, albeit smaller (See for instance, Beltran et al. 2013; Warnock and Warnock 2009 ).
2.
A high (low) degree of persistence of FOHL shocks or imperfect asset substitution between the assets induces a prolonged (shortened) stock effect that leads to a longer(faster) return of the term spread to its steady state. Over time, this effect on the term spread generates a prolonged (shortened) stimulative feedback effect from the model's endogenous term structure into the economy, yielding higher (lower) peak values for consumption, output and inflation.
3.
Robustness check with long-term bonds modeled as consoles paying geometrically decaying coupons as in Woodford (2001) yield similar qualitative results as in the case of secondary markets. Moreover, simulations of FOHL shocks in the model with long-term bonds as consoles show that FOHL shocks have larger negative effects on yields of bonds with lower maturities. However, the expansionary effects of FOHL shocks on consumption, output, and inflation get stronger as the duration of the bonds increase.
The rest of the paper is organized as follows: Section 2, employs a near vector autoregression (near-VAR) model to provide some stylized facts between FOHL and selected macroeconomic variables. Section 3 introduces and describes the model. Section 4 discusses the model solution and presents the results. Section 5 discusses robustness check by employing an alternative modelling of long-term bonds as consoles in the model. Section 6 concludes.
Stylized facts
The goal of this section is to provide a motivation and to describe the phenomenon that the DSGE model in the section that follow aims at explaining. 11 This section therefore presents some stylized facts between shocks to exogenous FOHL and selected macroeconomic variables. Specifically, the effects of an FOHL shock on output, inflation, short-term interest rate and the term spread are studied through impulse response functions generated from a near-VAR model. To achieve this, I conduct a Monte Carlo integration analysis of a combination of a near-VAR for the lag coeffcients and a structural VAR for the covariance matrix.
The near-VAR model
Quarterly data from the period 1986:1 to 2007:4 is used to estimate the near-VAR model below: 12
The estimated model is partitioned into two blocks. The first block includes the following four variables: 13 the cyclical component of real gross domestic product, y t , which is obtained by applying the Hodrick-Prescott filter; the rate of inflation, π t , computed from the GDP deflator; the effective Federal Funds rate, R t ; the term spread, spd t , computed as the 10-year interest rate minus the 3-month interest rate. The second block includes one variable, the 3-month average of 3-month flow measure of FOHL, which is assumed to be exogenous. 14 That is, the lags of are included in all the other equations, however, does not respond to any macroeconomic variable; hence, zero restrictions are placed on all the coefficients of the macroeconomic variables in the equation of the near-VAR model.
Due to the zero restrictions on the lag variables in the last equation, a Seemingly Unrelated Regression (SUR) is employed to estimate the system in Eq. (1). One can obtain consistent estimators from using OLS in the presence of a near-VAR. However, as explained in Zellner (1962) there are potential efficiency gains in using SUR. As far as the lag length selection goes, the Shwartz Information Criteria suggests one lag for the estimated VARs.
Identification
To summarize the identification strategy, let e t denote the 5 × 1 vector that collects the reduced form near-VAR residuals (e it ) and let ε t denote the 5 × 1 vector that collects the strutural shocks (ε it ) for = {1, 2, 3, 4, 5}. The structural shocks are therefore related to the reduced form residuals through the following equations:
3 + 32 2 + 31 1 = 3 (4) 4 + 43 3 + 42 2 + 41 1 + 45 5 = 4 (5)
Equation ( 
The explanation for the ordering of the shocks in the B matrix reveals a combination of two identification strategies:
1. The first block, equations (2)-(5), is ordered such that inflation only responds to output shock, the policy rate shock responds contemporaneously to output and inflation while the term spread responds to output, inflation and the monetary policy rate shocks. In particular, the shocks (ε 1t , ε 2t , ε 3t , ε 4t ) are ordered in a Choleski fashion which is consistent with the literature. In addition, to capture the effect of quantity of bonds in pricing of assets, the term spread shock responds to FOHL shock. In this sense, the term spread shock is impacted by all the shock variables in the VAR model.
2.
The second block is a single equation, Eq. (6) and it describes the exogeneity of FOHL by imposing the restriction that the shock is not correlated to any other shock in the model. 15 Hence, as shown in the last row of B, zero restrictions are imposed on all the coefficients of the other shocks.
With the assumption that FOHL is invariant to the other shocks in the near-VAR, the structural covariance system in Eqs. (2)-(6) is overidentified. Thus, to obtain the impulse response functions with their corresponding confidence intervals, the paper employs a Monte Carlo integration and Gibbs sampling for the overidentified structural covariance model. 16
Impulse response functions from near-VAR
To analyse the effects of a shock to foreign official purchases of U.S. Treasuries on the variables in the near-VAR model, the impulse response functions which traces out the path of the variables in periods t = 0, 1, 2, . . . in response to shock are considered. Specifically, median responses are reported alongside the error bands in response to a one time structural disturbance in period t = 0 to FOHL. In light of Sims and Zha (1999) , the 16th and 84th percentiles are reported for the confidence bands. Figure 3 shows that following a shock to , the term spread declines. The gradual decline in the term spread feeds back into the economy and in turn increases real output. As output rises, inflation also increases. The monetary authority respond to the increase in inflation and output by raising policy rates. However, even with the increase in policy rates, the term spread assumes only a slight upward trajectory and still remains negative leading to a persistent and significant positive effect of the shock on output and inflation. In summary, the results from the impulse response functions generated from the near-VAR suggest that shocks to FOHL have expansionary macroeconomic effects on the US economy.
The model
This section presents the full model. The model comprises a representative agent who populates the economy and supplies labor inputs for firms; a monopolistically competitive firm that hires the labor to produce differentiated goods; a final good firm who purchases the intermediate goods to produce final goods; a government sector that conducts both monetary policy -by targeting inflation and the output gap with some degree of monetary policy inertia to stabilize economic fluctuation -and fiscal policy by levying lump-sum taxes on households as well as issuing both short-and long-term debt to generate revenue for government spending. Finally, the model includes an exogenous evolving process of foreign official institutions' demand for long-term government bonds.
Households
The representative agent lives infinitely and gains utility by choosing consumption bundle C t , real money holdings M t /P t , and labor hours N t according to the instantaneous utility function:
where γ > 0 is the coefficient of risk aversion, η > 0 is the elasticity of money demand; θ > 0 is the habit formation parameter, φ ≥ 0 is the inverse of the Frisch elasticity of labor supply, and χ > 0 and > are scaling parameters for labor supply and money demand, respectively. The representative household thus maximizes her life-time utility,
with β ∈ (0, 1) as the discount factor. Since there is a continuum of consumption goods available for purchase, C t corresponds to a Dixit-Stiiglitz aggregate of consumption;
where i ∈ (0, 1) represent the continuum of differentiated final goods and ε > 1 governs the elasticity of substitution between different final goods. Eq. (9) is subject to the household budget constraint,
The household agent allocates wealth between money holdings, M t and two zero-coupon bonds which differ in maturity. The bonds are short-term bonds and long-term bonds denoted by B t and , , respectively. These bonds are purchased at their nominal prices with B t yielding a gross nominal rate of R t and , yielding R L,t . The budget constraint of households reveals an active secondary market as proposed by Ljungqvist and Sargent (2004) . The right hand side of the household budget constraint shows that long-term bonds, , −1 are priced with short-term rates. That is, the agent carries over long-term bonds purchased at time t − 1 and sells it on the secondary market at the rate 1/R t . However, at time t − 1, an agent who buys long-term bonds and intends to sell them in period t faces price uncertainty as R t is not known at time t − 1. 17 This formulation of the budget contraint to incorporate secondary market allows a straightforward modelling of assets of different maturities. Moreover, the formulation captures the active secondary bond market in the U.S. In line with Andrés, Lopéz-Salido, and Nelson (2004), Falagiarda (2014) , Falagiarda and Marzo (2012) , and Harrison (2011), the paper assumes that intratemporal trading between bonds of different maturities is costly to agents. Thus, they pay a cost whenever they shift their portfolio allocation between short-and long-term bonds. The endogenous cost function is then modeled as:
where ϕ L > 0 and = , / is the inverse of steady state household holding of short-term to long-term bonds. This implies that ρ t is zero at steady state. As discussed earlier, the portfolio friction term allows for imperfect substitutability between short-and long-term bonds.
Optimality conditions
The first order conditions for the optimizing consumer's problem is given by:
Eq. (13) represents the marginal utility of wealth and it depends on the marginal utility of consumption today and the expected marginal utility of consumption tomorrow generated by the presence of habits in consumer preferences. Eq. (14) relates real wage to the marginal rate of substitution between labor hours and consumption. Eqs. (13) and (15) can be combined to obtain an expression for money demand. Finally, Eqs. (16) and (17) are the Euler equations for short-and long-term bond holdings, respectively. As it is standard in the literature, I will show in Section 3.2 that those two equations implicitly reveal a term structure relationship linking longand short-term rates.
Production of intermediate goods
Intermediate goods producing firm i has access to a constant returns to scale technology,
is the amount of labor the firm hires. The firm thus minimizes its total cost subject to the production technology. where + = + is the household's stochastic discount factor, D t (i) are nominal profits for firm i and P t is the nominal aggregate price level in the economy. Real profit are therefore given by
Price setting
where ψ ≥ 0 governs adjustment costs, Ψ ( ) is real marginal cost. Price adjustments are introduced through Rotemberg (1982) quadratic costs of adjustment reflecting the negative effect that price changes can have on firm-customer relationship. In a symmetric equilibrium, all firms make identical decisions, and hence the first order condition is given as follows:
Foreign official holdings of long-term treasuries
There is ongoing debate on whether foreign official investors behave like private investors by changing their portfolio in response to changes in Treasury prices or whether their demand for Treasury securities is insentive to the changes in Treasury yields. On one hand, Krishnamurthy and Vissing-Jorgensen (2012) On the other hand, studies and surveys including Borio, Galati, and Heath (2008) and Papaioannou, Portes, and Siourounis (2006) find that foreign central banks emphazise returns relative to liquidity and capital preservation or employ value-at-risk methodologies to measure market risk. Similarly, statistical test in Beltran et al. (2013) strongly reject the null hypothesis that foreign official inflows into U.S. Treasureis are exogenous to changes in Treasury prices. Taken together, these set of studies suggest that the direction of causation between foreign official investors' demand for Treasury securities and their yields (prices) may go both ways implying that foreign official investors' demand for Treasuries is not exogenous.
However, Kaminska and Zinna (2014) argue that irrespective of the actual motives behind the purchases of U.S. Treasuries, foreign official institutions pursue objectives that are only slightly sensitive to risk-return consideration. In this paper, I adopt the former argument and model FOHL as exogenous so that the demand for long-term Treasuries by foreign official institutions is independent of Treasury prices. 19 Thus, FOHL is given by a simple AR(1) process:
where ρ F ∈ (0, 1), , is foreign official holdings of long-term Treasuries, * is the ratio of steady state FOHL, , to steady state long-term bond supply B L , and is an i.i.d shock with zero mean and standard deviation σ F . While the characterization of the process of FOHL in Eq. (19) helps keep the model tractable and introduces the topic in the paper in a straightforward way, it has obvious shortcomings. In particular, the process in Eq. (19) does not allow for foreign official investors' demand to react to changes in the economy, and hence may limit some richer dynamics that may arise if this modelling assumption it loosened. I acknowledge this trade off generated by the characterization of FOHL in the model.
Demand for long-term bonds
Households and foreign official institutions demand outstanding long-term bonds so that,
where B L,t are outstanding long-term government bonds.
The government
Government expenditure, G t , is financed by seigniorage revenues, lump-sum taxes, T t , and issuance of longterm and short-term bonds. Thus, the government budget constraint is given as
Furthermore, I model the issuance of new long-term bonds to follow an AR(1) process so that shocks to foreign official institutions' demand for long-term bonds only affect the composition of outstanding government debt:
with ρ bL ∈ (0, 1) and an i.i.d shock with zero mean and standard deviation σ G . Government expenditure G t is set according to the AR(1) process:
where ϕ G ∈ (0, 1) and is an i.i.d shock with zero mean and standard deviation σ G . Lump-sum taxes T t is a function of total outstanding government liabilities:
where ζ 0 is the steady state level of T t , and ζ 1 , ζ 2 have been set equal so that taxes respond equally to short-and long-term debt. Finally, the central bank conducts monetary policy with a short-term interest rate feedback rule in the form specified by Taylor (1993) augmented to include interest rate smoothing:
with an interest rate smoothing component governed by ρ R , R t therefore responds to inflation and output through ρ π and ρ Y , respectively. The exogenous policy shifter in monetary policy, is assumed to be a white noise monetary policy disturbance.
Resource constraint
With the introduction of endogenous financial cost frictions, aggregate output of the economy is not simply allocated to consumption, government expenditure and price adjustment costs but also to a portfolio adjustment cost term which is priced in output. Thus, the model is closed by a resource constraint given as:
FOHL, stock effect channel and yields
To gain insight of the channel through which foreign official purchases affect the long-term rate, and hence the term spread in this model, I combine the log-linearized first order conditions of short-and long-term bond holdings, Eqs. (16) and (17). 20 This yields:
or
where 3 = (1 +̄) > 0 and η 1 = 1 and 2 = 1 − 1 < 0. The last term in Eq. (27) and Eq. (28), 3 (̃−̃, ), represents an endogenous risk premium in the model. The term shows that the relative supply of long-term bonds (illiquid assets) and short-term bonds (liquid assets) directly impact the pricing of the long-term interest rate, and hence the term spread in the model. This is due to the imperfect substitutability between the bonds in this model. 21 Notice that the portfolio cost parameter, ϕ L , governs the degree of imperfect asset substitution between the two bonds and as a consequence, the degree to which persistent changes in (net) bond supply affect the term spread (i.e. the stock effect). Specifically, the higher the value of ϕ L , the stronger changes in relative bond supply affect the term spread. If ϕ L is equal to zero (i.e. η 3 = 0), Eq. (27) reduces to a form of expectation hypothesis and the stock effect is absent. From Eq. (27) and Eq. (28), the long-term rate and the term spread depend positively on long-term bond supply,̃, . Short-term bond supply on the other hand affects the long-term rate negatively. The implication of this relationship between the long-term interest rate and bond supply in the model is that positive shocks to FOHL reduce the (net) supply of long-term bonds available to households. All else equal, this implies that, the long-term rate and the term spread will fall given their positive relationship with long-term bond supply,̃, . This is the main channel through which FOHL shocks affect the long-term interest rate in the model.
Consumption and the Term Spread
An important feature which is central to studying the effects of shocks to FOHL in the model is the feedback channel from the model implied endogenous term structure to the macroeconomy. To see this, the log-linearized equations for consumption, Eq. (13) and the first order condition of long-term bonds, Eq. (17) are combined to yield:̃=
where = 1 ( + ) > 0 and γ > 0. It is clear from Eq. (29) that both the long-term rate and short-term rate are important in impacting current consumption. Specifically, all else being equal, a decrease in the short-term or long-term interest will lead to an increase in current consumption. Moreover, when the short-term interest rate is fixed or constrained at its Zero Lower Bound, the long-term interest rate plays a more direct and dominant role in affecting current consumption. To further understand the separate role of the long-term interest rate in the model, Eq. (29) is rewritten to include the term spread. Rewritting Eq. (29) yields:
As shown in Eq. (30) the term spread has a direct effect on current consumption, which suggests that deviations of the long-term interest rate from the short-term interest rate can impact consumption. In particular, suppose there is an increase in the short-term interest rate. This will lead to a negative effect on consumption as given in the first term of Eq. (30). However, if the long-term interest rate responds sluggishly to the increase in short-term rate, the term spread will fall (i.e.̃, −̃< 0). With α > 0, the reduction in the term spread will positively affect consumption thereby offsetting the initial negative effect. Moreover, after accounting for the effects of other variables such as expected inflation and consumption, if the fall in the term spread outweighs the increase in the short-term interest rate, then the net effect of a rise in the short-term interest rate on consumption can be positive.
In this regard, the transmission of FOHL shocks in the model can be summarized as follows. First, FOHL shocks impact the long-term interest rate negatively through the stock effect channel as shown in Eq. (27). The reduction in the long-term interest rate increases consumption and through general equilibrium effects, output and inflation rises. Since monetary authority responds actively to inflation and output, the short-term interest rate rises. The persistence of FOHL shocks means that long-term interest rate will respond sluggishly to the rise in the short-term interest rate. This leads to a persistent fall in the term spread which as shown in Eq. (30), will feedback into the economy to further stimulate it.
Results
This section presents the solution process and results of the model outlined in Section 3. Simulations are conducted to study the impact of FOHL shocks on key macroeconomic variables using a calibrated version of the model. The model is log-linearized around its steady state and solved using Dynare. In what follows, the calibration of key parameters are discussed and then the results of the baseline model is analyzed. Additionally, sensitivity analyses are carried out to examine the effects of varying the key parameters of the model, that is, the parameter that governs portfolio costs (ϕ L ) and the parameter that governs the persistence of FOHL shocks (ρ F ). 
Calibration
The baseline model is calibrated at a quarterly frequency to match the behavior U.S. data prior to the financial crisis in 2008. 22 A subset of the parameters and steady state values are chosen based on previous studies and are standard in the literature. Specifically, following for instance Fuhrer (2000) the habit formation parameter θ is set to 0.7. The discount factor is set at 1.04 −1/4 , which implies a steady state annualized real interest rate of 4 percent. Preferences over consumption are logarithmic, hence γ = 1. The inverse of the Frisch elasticity of labor supply is set to unity, so φ = 1 and χ is set such that the steady state share of time spent in employment is 1/3. As mentioned earlier, intermediate goods-producing firms use a constant returns to scale production function. The common technology parameter, A, is set to normalize the deterministic steady state level of output to 1.
The parameter that determines the interest elasticity of real money balances, η, is set to 2.6 (Chari, Kehoe, and McGrattan 2000; Lucas 1988; Mankiw and Summers 1986) . For real balances, ϑ is set so that the velocity in the deterministic steady state, defined as cP/M corresponds to a value of 2.4 as in Davig and Leeper (2007) . The price elasticity of demand ε and the Rotemberg adjustment cost coefficient ψ are set to 6 and 100 respectively as in Ireland (2004) and Schmitt-Grohé and Uribe (2004), respectively.
The parameters governing monetary and fiscal rules are calibrated in a standard way. Particularly, the interest rate smoothing parameter ρ R is set to 0.7 while ρ π and ρ Y are set to 1.5 and 0.5, respectively. The coefficients in the fiscal rule are set according to ζ 1 = ζ 2 = 0.3 (Falagiarda 2014 ). This implies a passive tax policy rule as in Leeper (1991) . The autoregressive coefficients and standard deviations of the shocks in the model are set to ϕ G = ρ bL = 0.9 while σ R = 0.005 and σ G = 0.012 (Altig et al. 2011; Andrés, Lopéz-Salido, and Nelson 2004; Falagiarda and Marzo 2012; Kim 2000; Zagaglia 2013) .
Consistent with Harrison (2012) and Falagiarda and Marzo (2012) , I calibrate the bond adjustment cost parameter, ϕ L to 0.01. This value suggests that households devote 1 percent of their income to paying portfolio transaction costs (Falagiarda and Marzo 2012) . I conduct sensitivity analysis by varying this parameter to analyse its impact on the economy. Table 3 reports the steady states values of outstanding long-term bonds, short-term bonds, bond holdings by households, and FOHL all of which are computed as ratio to GDP. The steady state values of outstanding long-term bonds, and short-term bonds are taken from Falagiarda (2014) . Abstracting from the Federal Reserve holdings of long-term debt, total debt to GDP is set to 43.8 percent. The steady state value of FOHL is computed from Bertaut and Tyron (2007) measure of benchmark consistent positions and it stands at 27.2 percent of total long-term debt. The steady state of bond holdings by households is pinned down by subtracting the steady state value of FOHL from outstanding long-term bonds. Appendix A derives the model implied parameters and steady state values.
Finally, due to the high persistence of FOHL over the period 1990 to 2007, the persistence parameter that governs the AR(1) process for of FOHL, ρ F , is set to 0.9. 23 To guide the calibration of the standard deviation of Figure 5 shows the model's response following positive shocks to foreign official holdings of long-term U.S. Treasuries. As shown in the figure, the simulation of the shock lasts for 8 quarters and FOHL increases by approximately 36 percent mimicking the increase over the period July 2004 to July 2006. The increase in FOHL reduces the relative supply of long-term bonds available to households by 13 percent. Through the stock effect channel explained in Eq. (27), the reduction in relative supply of long-term bonds available to household then reduces the long-term yield by 2 bps. Qualitatively, this negative impact of the shock on the long-term interest rate is consistent with results found in the empirical literature (See for instance, Beltran et al. 2013; Bertaut et al. 2012; Warnock and Warnock 2009). 24 Through the feedback mechanism shown in Eq. (29), the decline in long-term interest rate induces an expansion in economic activity that leads to a rise in consumption. Consequently, through the resource constraint, the rise in consumption leads to an increase in output, which in turn causes inflation to rise. Monetary policy responds to the increase in output and inflation by increasing the short-term rate (R t ). The rise in the shortterm interest rate and the shocks' negative effect on the long-term interest rate leads to a decline in the term spread -defined as long-term rate minus short-term rate. This simultaneous rise in short-term interest rate, fall in long-term interest rate, and fall in the term spread explains how changes in FOHL can contribute to the deviations of the long-term interest rate from the short-term interest rate with an example being the interest rate conundrum observed between July 2004 to July 2006.
Impact of foreign official holding shock
To gain insight into the principal mechanisms at work in the model, I conduct sensitivity analyses by varying the parameter governing: (i) the persistence of FOHL shock, ρ F and (ii) portfolio adjustment cost, ϕ L . The dynamics of the model following these parameter variations are then compared to the baseline model. Furthermore, the impact of FOHL shocks on the term-premium is discussed in the sensitivity analysis. The results from the sensitivity analyses are presented below. 25 Figure 6 plots the impulse response functions when varying the parameter that governs the persistence of the FOHL process, ρ F . The solid blue line is the baseline case and it represents high persistence, the dotted red line shows medium persistence and the dashed black line is the low persistence case. The mechanisms at work are the same as explained in the baseline case. However, a higher persistence value associated with FOHL shocks (solid blue line) increases consumption, output, and hence inflation even more compared to the low and medium persistence values of ρ F . This causes the monetary authority to raise the short-term rate more aggressively, which in turn offsets the shocks' negative effect on the long-term interest rate.
Role of persistence of foreign official holding shock, ρ F
This offsetting effect makes it appear that FOHL shocks only have a small negative impact on the nominal long-term interest rate. A possible explanation for this result is the presence of a secondary market for bonds in the model. With a secondary market, long-term bonds are priced with short-term rate. It is therefore intuitive that changes in the short-term rate will influence the long-term rate more strongly at any given time t than it will in a model with long-term bonds modeled as consoles, which I discuss in Section 5. Additionally, a high persistence of FOHL shocks means it takes longer for the increase in FOHL to return to its steady state, thereby inducing a persistent stock effect. Consequently, there is a prolonged delay in the term spread to return to its steady state after it falls. This effect feeds back into the economy inducing higher peak values for consumption, output and inflation. The opposite effect holds for the case of lower values of the persistence parameter, ρ F . Figure 7 plots the impulse response functions when varying the parameter that governs imperfect asset substitution, ϕ L . The solid blue line represents low imperfect substitution between the assets in the model, with ϕ L set to 0.005. The dashed red line with ϕ L = 0.01 and dashed black line with ϕ L = 0.015 represent, respectively, medium and high imperfect asset substitution between short-and long-term bonds in the model. Notice that when short-and long-term bonds are perfect substitutes (i.e., ϕ L = 0), changes in relative supply of the two bonds have no impact on the yields in the model. In this scenario, the stock effect is non-existent and FOHL shocks will have no effect in the model. Compared to the low and medium cases of portfolio adjustment costs, Figure 7 shows that a high portfolio cost, given by the black dashed line, generates a larger fall in the term spread following FOHL shocks. Through the feedback mechanism from the endogenous term structure explained in Eq. (30), this large fall in the term spread induces a higher increase in consumption, output, and inflation. The stronger expansionary effects of FOHL shocks in the case of high portfolio costs means that the short-term interest rate rises more relative to when the portfolio costs are low. Together with the the strong expansionary effects, the larger increase in the short-term interest rate completely offsets the negative effect FOHL shocks have on the long-term interest rate. Hence, as shown in the black dashed line in Figure 7 , FOHL shocks appear to have no effect (or negligible positive effect) on the long-term interest rate. The "no effect" of the shocks on the long-term interest rate in the model is consistent with results in Rudebusch, Swanson, and Wu (2006) .
Role of portfolio adjustment costs, ϕ L

Effect of FOHL shocks on the term premium
I now discuss the effect of FOHL shocks on the term premium. The term premium is computed as the deviation of the long-term interest rate from its expectation hypothesis component, and it is given as:
where is the yield of a k − period zero-coupon bond at time t proxied by constant maturity bond in the model; 1 = and k = 40 represent a 10-year bond in the model. The effect of FOHL shocks on the term premium is depicted in Figure 8 . The plot in the top panel of the figure represents the effect of the shocks on the term premium in the baseline case. As expected, FOHL shocks have a negative effect on the term premium in the short-to medium-run. However, as discussed earlier, the rise in inflation, output, and the short-term interest rate following shocks to FOHL positively impact the long-term interest rate. Over time, this positive effect causes the term premium to rise before returning to its steady state in the long-run.
The middle plot in Figure 8 shows the effect of FOHL shocks on the term premium when varying the portfolio adjustment cost parameter, ϕ L . It is clear from the plot that increasing ϕ L leads to stronger negative effects of the shocks on the term premium. This is in line with earlier explanations in Section 3.9 that a higher degree of imperfect substitution between short-and long-term bonds will induce a larger negative effect on the term spread following a fall in relative supply of long-term bonds.
Finally, the bottom plot depicts the shocks effect on the term premium when varying the persistence parameter of FOHL shocks, ρ F . The figure shows that the effect of FOHL shocks on the term premium is decreasing in ρ F . In particular, following FOHL shocks, the overall decline the term premium gets smaller as ρ F increases. This result is not surprising since higher values of ρ F generate stronger expansionary effects in the economyi.e. larger increase in inflation, output and short-term interest rate -which partially offsets the negative effect of FOHL shocks on the long-term interest rate.
Comparison to other studies
The long-term interest rate served as the key variable connecting the dots on how FOHL shocks affect the economy. Consequently, the paper directly studies the impact of FOHL shocks on the long-term interest rate. In this section, I compare the effect of FOHL shocks on the long-term yield implied by the model to those found in studies that employ fully-fledged empirical models. A caveat to this exercise is that conceptual and methodological differences across the studies -including different estimation methods, frequency of the data and the measures of foreign official holdings (e.g. 6-month, 12-month flow measures) -can lead to differences in estimates. 26 Acknowledging all conceptual and methodological differences, I proceed to compare the effect of FOHL on the long-term interest rate implied by the calibrated model to other studies. Rudebusch, Swanson, and Wu (2006) No Effect ANM-F model Beltran et al. (2013) −39 to −62 bps Excess returns regression Warnock and Warnock (2009) −68 bps OLS regression Stock Effect (Max. Effect) My model −11 bps Calibrated DSGE model Beltran et al. (2013) −20 bps Cointegration (Holdings(level)) Beltran et al. (2013) −15 bps Regressions (Holdings(level)) Source: Beltran et al. (2013) and author's computation/compilation Notes: Affine no-arbitrage macro-finance (ANM-F) model. Table 4 , the effect of FOHL on the long-term interest rate in the model ranges between -2 bps to -15 bps. This effect is rather low compared to an effect of -39 bps to -62 bps in Beltran et al. (2013) and -68 bps in Warnock and Warnock (2009) . This disparity in the size of the effect is not suprising given the general equilibrium nature of the model in this paper. More precisely, while shocks to FOHL negatively impact the long-term interest rate, output, inflation, and the short-term interest rate also rise following these shocks. As shown in Eq. (27) the long-term interest rate responds positively to the short-term interest rate and expected inflation. This means, any negative effect of an increase in FOHL on the long-term interest rate can be partially offset by the rise in the short-term interest rate and the expected path of inflation. Moreover, if these positive effects are large enough, they can fully offset the negative effect of the shocks on the long-term interest. This will make it appear that FOHL shocks have little or no impact on the long-term interest rate -a result consistent with findings in Rudebusch, Swanson, and Wu (2006) . Table 5 : Comparison of model results to empirical estimates of foreign official purchases on the term premium.
As shown in
Studies Effect per $100 billion Methodology
My model: term premium −9 to −19 bps Calibrated DSGE model Beltran et al. (2013) −46 to −50 bps Term premium regression Kohn (2015) −51 bps CBAPM (Term Premium) CBAPM is consumption based asset pricing model.
The stock effect of FOHL in the model is -11 bps a value comparable to -15 bps found in Bertaut et al. (2012) but -9 bps away from estimates in Beltran et al. (2013) . Table 5 compares the effect of FOHL shocks on the term premium in the model to other empirical studies. As shown in the table, the impact of FOHL shocks on the term premium ranges from -9 to -19 bps. These values are significantly lower than -46 to -50 bps found in Beltran et al. (2013) and -51 bps as in Kohn (2015) .
Robustness: alternative modeling of long-term bonds
In the baseline model, I introduced long-term bonds by allowing for a secondary market for bond trading. The upside to this modelling strategy is that it reflects the active secondary bond market in the U.S. and also allows for a straightforward modelling of long-term bonds. However, a downside is that the full maturity structure of the long-term bond is not explicitly taken into account. More precisely, because the short-term rate is used to price the long-term bond in the secondary market, the effective long-term bond in the model is a six-month bond. Several studies have shown that the average maturity structure of government bonds have nontrivial effects on the macroeconomic implications of monetary and fiscal policy (See for instance, Greenwood et al. 2015; Leeper, Traum, and Walker 2017) .
To account for the role of the maturity of long-term bonds and to check the robustness of the results from the baseline model to model variations, I introduce long-term bonds as consoles into the model in the manner of Woodford (2001) . I then carry out two exercises: 27 (i) I compare the effect of FOHL shocks in the model with a secondary bond market to the model with long-term bonds introduced as consoles. Long-term bonds are set to 10-year bonds, and (ii) I explore the effect of FOHL shocks at different maturity periods of long-term bonds. The modified model is presented in Appendix D. Figure 9 compares the effects of FOHL shocks on key macroeconomic variables in the two models. As expected, the qualitative effect of FOHL shocks in both models are the same. In particular, following shocks to FOHL, the long-term interest rate falls, which induces an increase in consumption, output and inflation. The reason why both models yield similar qualitative results is because the key transmission mechanisms of FOHL shocks are the same in the two models. However, quantitatively, the effect of FOHL shocks are relatively larger in the model that considers the full maturity of long-term bonds than they are for the baseline model with a secondary market for bonds. For instance, at peak values, the impact of FOHL shocks on output and consumption is about 5 bps higher in the model with long-term bonds as consoles. Figure 10 explores the impact of FOHL shocks on the economy when varying the average maturity of longterm bonds. It is clear from the figure that FOHL shocks have larger negative effects on yields of bonds with lower maturities with the largest impact on the 2-year yield. This finding in the model is consistent with similar results in Wolcott (2016) . On the other hand, the expansionary effects of FOHL shocks on consumption, output, and inflation get stronger as the duration of the bond increases.
Conclusion
This paper has investigated the macroeconomic implications of FOHL shocks on key economic variables including consumption, output, and inflation through its impact on the long-term interest rate and the term spread. Specifically, the paper studies the effects of FOHL shocks in a DSGE model that treats short-and long-term bonds as imperfect substitutes through portfolio adjustment costs. In the baseline model, I find that shocks to FOHL have expansionary macroeconomic effects on the U.S. economy. That is, FOHL shocks increase consumption, output and inflation. The transmission of FOHL shocks is as follows. First, positive shocks to FOHL impact the long-term interest rate negatively through a stock effect channel in the model. Second, the fall in long-term interest rate feeds back in an expansionary fashion into the economy through the model's endogenous termstructure. Both the stock effect and feedback from the endogenous term-structure are generated by the introduction of portfolio adjustment costs. Moreover, the result from sensitivity analysis on the parameters that govern the degree of imperfect asset substitution and the persistence of FOHL shocks suggest the following. A high degree of persistence of FOHL shocks or imperfect asset substitution leads to a prolonged stock effect which causes a longer delay of the term spread to return to its steady state after it falls. This induces an extended stimulative feedback effect from the endogenous term structure into the modeled economy, yielding higher peak values for consumption, output, inflation, and hence a larger increase of the short-term interest rate. The opposite result holds for lower degrees of imperfect asset substitution and persistence of FOHL shocks. Furthermore, the rise in the short-term interest rate partially or fully offsets the negative effect of FOHL shocks on the long-term interest rate. This is because the long-term interest rate is affected negatively by FOHL shocks but positively by the short-term interest rate and expected inflation. An important implication of this offsetting effect is that, when the persistence of FOHL shocks or imperfect asset substitution is high, which leads to stronger expansionary effects, FOHL shocks have a small negative or no effect on the long-term interest rate. Finally, I find that the expansionary effects of FOHL shocks get stronger as the average maturity of long-term debt increases. However, FOHL shocks have larger negative effects on yields of bonds with lower maturities.
The results from the model help draw the following broad conclusions and lessons for policy: 
2.
Second and related to the previous point, during the Zero Lower Bound (ZLB) episode after the Great Recession in 2008, the Federal Reserve was reducing its policy rate, but long-term interest rates were not falling as expected. While I do not explicitly study the latter in this paper, a symmetric reasoning from the effects of FOHL shocks in the model could yield some insight into the ZLB episode. After 2008, foreign official institutions appear to sell off their positions (Wolcott 2016) . In this sense, there will be an increase in supply of long-term bonds. As explained in the model, the increase in supply of long-term bonds will in turn raise the long-term interest rate and counteract the effect of the reduction in the policy rate on the longer-term rate. If indeed foreign official investors sold off part of their Treasury positions, then this model prediction can help explain the sluggish fall in long-term interest rates during the ZLB episode.
The results from the paper complements the existing literature on foreign official holdings. However, in line with empirical studies that treat foreign official institutions as endogenous agents (e.g. Beltran et al. 2013; Sierra 2014) , an important extension of this paper will be to examine the macroeconomic effects of FOHL shocks by modelling FOHL demand as endogenous. This will shed more light on the factors that drive the demand for U.S. Treasuries by foreign official investors and deliver richer dynamics in the model. 
FOC labor:
Firm pricing: 
Appendix B
Full log-linearized model
The dynamic economic problem presented in the paper takes on a system of nonlinear difference equations. Since there are no closed form solutions, I employ a first order Taylor expansion to approximate the nonlinear model around the neighborhood of its steady state and solve it numerically. Particularly, for a smooth arbitrary function h(x t ), the function is approximated linearly as: 
Appendix C Fit of the model
In order to assess the goodness of fit of the model, I compare the theoretical moments implied by model with the second moments computed from data. As shown in Table 6 , for the macroeconomic variables, the model generally under-predicts the standard deviation of output and consumption but does a good job in matching the the standard deviation of inflation. Moreover, although the model slightly over-predicts the standard deviation of short-and long-term interest rates, it does a decent job in capturing the the fact that short-term interest rates are generally more volatile than longer-term rates. Finally, as can be seen from the table, as the the degree of imperfect asset substitution decreases, the model tends to under-predict the standard deviation of the term spread. This suggests that imperfect asset substitution within the bond market can explain some of the unaccounted volatility in the term spread. 
Appendix D Robustness, long-term bonds as consoles á la Woodford (2001)
To capture the full maturity of long-term bonds in the model, I follow the formulation in Woodford (2001) and consider long-term bonds with coupon equal to δ s paid at time t + 1 + s, for s ≥ 0. In this way, the price of a long-term bond in the model is given by:
with the duration of long-term bond given as , , − . δ is therefore set to match the average duration of the 10-year Treasury Bill in the baseline simulation.
With this formulation of long-term bonds, the baseline model is updated as follows.
Modified household budget constraint: 
where ρ τ ∈ (0,1), Q t = 1/R t with R t being the short-term interest rate. Q L,t is the current price of long-term bonds. The updated FOCs are: Short-term bonds:
Long-term bonds: 
The linearized version of the modified model for simulation are as follows: Short-term bonds:
(̃+ 1 ) = (̃+̃) + (̃−̃, )
Long-term bonds:̃, = (̃+ 1 −̃−̃+ 1 ) +̃, + (̃−̃, )
The price of a long-term bonds:̃,
